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ABSTRACT 

The cDNA clones encoding ARE (Na,K-ATPase a1 
subunit gene regulatory element) binding protein 
AREC3 were isolated from myoblast C2C12 cells and 
mouse skeletal muscle cDNA library. At least four 
alternatively spliced forms of AREC3 cDNA were 
identified. Sequence analysis indicates that AREC3 
has an extensive homology with the Drosophila sine 
oculis gene product required for development of the 
entire visual system [Cheyette et al. (1994) Neuron 12, 
977-996]. The homologous region including a homeo- 
domaln Is required for specific DN A binding to ARE. A 
transactivation domain was identified in the C-termlnal 
part of the AREC3 by reporter gene assays using 
GAL4-AREC3 fusion protein constructs. Immunohisto- 
chemistry revealed that AREC3 localized to the nu- 
cleus and cytoplasm of myoblast C2C12 cells, and the 
production of AREC3 is augmented during muscle 
differentiation. Western blot analysis indicated that the 
115 kDa form of AREC3 protein Is Increased in the 
cytoplasmic extract, and the 67 kDa form is increased 
both in nuclear and cytoplasmic extracts of C2C12 
cells during muscle differentiation. 

INTRODUCTION 

Na,K-ATPase is ihe enzyme responsible for maintaining the Na+ 
and K* gradients across the cell membrane. The enzyme is 
composed of two subunits named a and 0 ( 1 ,2). The a subunit is 
the catalytic subunit in which ATP, cation and ouabain binding 
sites reside- At least three isoform genesal, cc2 and ct3 have been 
identified (3). They are expressed in different tissues and arc 
regulated under different developmental conditions (4). Each 
gene product exhibits different Na + , K + and ouabain affinity 
(5,6). The NaJK-ATPase al subunit gene is expressed in all 
tissues and is most important for cellular homeostasis. We have 
analyzed the regulatory region of the gene In various cell lines and 
tissues using transient transfeco'ou or cell-free transcription 
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systems (7,8). ARB was identified as a positive regulatory region 
common to various cell lines and tissues. More than seven ARE 
binding proteins are known, some of which are ubiquitous, and 
others dssuc-specific (7,9). AREC3 protein was first identified as 
a cell-type specific ARE binding factor (7)^ In this study, we have 
isolated alternatively spliced forms of AREC3 cDNA from 
myoblast C2C12 cells and mouse skeletal muscle. We also 
identified the speci tic DN A-binchng and transactivation domains, 
and analyzed the expression of the gene product in cultured cells 
and murine tissues. The implications for a developmental role of 
AREC3 are discussed. 



MATERIALS AND METHODS 

Screening and sequencing of cDNA 

A partial cDNA clone encoding AREC3 was obtained from 
partial amino acid sequences of the purified AREC3 protein 
(Suzuki et al, unpublished). The Wndm(547>-fljrEU (1580) 
fragment of human AREC3 cDNA (Suzuki et al. t unpublished) 
was used as a probe for screening the C2C12 cDNA library. 
About 1 x 10 6 plaques were screened, and 13 positive clones 
obtained. One of the longest clones (MIS) and one of the shorter 
clones (M8), which has a different restriction map from that of 
M18, were subcloned into pSVSPORT (named pSVSTORTM18 
and pSVSPORTMS, respectively) and sequenced. To obtain the 
full-length clone, we screened another library from mouse 
skeletal muscle (obtained from Ciontech) using probes contain- 
ing m 1 to 869 of M18 and 154 to 322 of M8. We obtained five 
clones (fl , Q, f3, H and fl4) that harbor the skeletal muscle-spe- 
cific sequence fused to position 54 of Ml 8 sequence from 2x 10^ 
plaques. The two overlapping clones of the most 5'-extcnded 
clone fl and the most 3'-extended clone f39 were sequenced. 
Sequence homology was searched by FASTA (DDBJ). The 
accession numbers for cDNA sequences are D50416 (MIS), 
D50417 (M8) and D50418 (SM). 
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RT-PCR 

Skeletal muscle RNA was isolated from BALB/c mice (7 weeks 
old) using ISOGEN (Wako). Purification of polyA + RNA was by 
oli go dT-cellnlose column. Transcription of polyA* RNA (2 jig) 
was carried out using 12.5 U AMV reverse transcriptase (Boeh- 
ringer) with a primer of ArGCGCCTQAAAGTGGATGAGGA- 
OACA (KK9411) in the presence of 26 U RNase inhibitor and 

1 mM of each dNTP. PGR was performed in the presence of 

02 mM dNTP and 0.2 jiM of each primer. Thirty cycles of 94°C 
45 s, 60°C 45 s and 72°C 2 min 30 s were performed using a Perkin 
Blmer thermal cycler. PCR primers used were 5'-AGTG- 
GAGTTGTACCTGATCTGCCGCTC (KK9407), y-GCAGCT- 

ArccGTrrACAcrACTrrccrc (KK9410), s'-caatacac- 

CGTCTCCTCGCCGTCX:C (KK9412) and S'-TGCGAGGGAG- 
TGAGGGAGGGAGGAA (KK9415), 

Northern hybridization 

Mouse MTN blot was obtained from Clontech. Xhol-tiMSIl 
(31S-S69) fragment of pSVSPORTM18 was labeled by Mega- 
prime (Amersham) and used as a probe. Hybridization was done 
using QuikHyb™ (Stratagene) according to the manufacturer's 
protocol, 

GST fusion proteins 

Various deletion proteins of the GST-ARBC3 fusion were 
constructed as follows. For MB the SaJl-Dral (-17-2486) 
fragment of pSVSPORTMl 8, containing the whole coding 
region, was blunt-ended with Klenow and ligated into the Smal 
site of pGEX-3X. For MB NT, ihe MB construct was digested 
with HindHl (869) and EcoRl, blunt-ended and self-ligated For 
MBCT, the Hindm-Dral (869-2486) fragment of 
pSVSPORTMl 8 was blunt-ended and then ligated into theS/nal 
site of pGEX-3X. N-terminal deletions derived from MBNT 
were constructed as follows: for MBNTNA1, pSVSPORTMIS 
was cut with EcoAH (214), coupled with a BamHl linker then 
digested with Sacl (531) and subcloned into BamHI/Sacl-cui 
MBNT. For MBNTNA2, pSVSPORTMl 8 was cut with£co47UI 
(269-1948), coupled with a BamHl linker, then cur with Sacl 
(531) and subcloned into BamHUSacl-cut MBNT. For MBNTN- 
A3, the Xhol-Hindm (318-869) fragment was blunt-ended and 
subcloned into the Mum-ended EcoRl site of pGEX-3X. For 
MBNTNA4, the BssHIl-Hindm (402-869) fragment of 
pSVSPORTM18 was blunt-ended, then subcloned into the 
blunt-ended EcoRl site of pGHX-3X. C-terminal deletions 
derived from MBNT were constructed as follows: for MBNTCM 
and MBNTCA2, the Sacl-PmaCI (531-792) fragment and the 
Sacl-Ma*m (531-643) (blunt-ended) fragment of 
pSVSPORTM18, respectively, were subcloned into cut, blunt- 
ended EcoRl- and Sad-digested MB. For MBNTCA3, MBNT 
was cut with Mscl (580) and blunt-ended, then digested with 
BamHl and subcloned into BamHl-EcoRl, blunt-ended digested 
pGEX-3X. For MBNTCA4, the Sall-HMl (-17-420) fragment 
of pS VSPORTM1 8 was blunt-ended and subcloned into Smal 
digested pGEX-3X. For MBHDl, the Rsal (434-697) fragment 
of pSVSPORTMl 8 was ligated into the blunt-ended EcoRl sire 
of pGEX-3X. For MBHD2, the Hinil (420-765) fragment of 
pSVSPORTMl8 was blunt-ended, coupled with iBamHL linker 
and subcloned into the BamHl site of pG£X-3X. GST-fusion 

constructs of skeletal muscle typo cDNA were constructed as 



foUowS: for SMNT, SMNTNAl, SMNTNA2 and SMNTNA3, 
cDNA clone fl4 was digested with2te/3l, blunt-ended, coupled 
with a BamHL linker digested with tf/ndin (1096) and subcloned 
into BamHUHfndUl-cut pKS. cDNAs harboring positions 64, 
124, 172 and 310 to 1096 were excised wiuhflamHI and Hincll, 
then subcloned into blunt-ended BamHUEcoRI digested 
pGEX-3X. GST fusion proteins were induced by adding BPTG, 
then purified on a gluihaihione-Sepharose column (Pharmacia) 
following the manufacturer's proiocol. 

Gel retardation assays 

Gel retardation assays were performed as described (1 0). ARE 
fragment (PvuU-Mkd fragment oiAtpJal) (7) was labeled with 
32p-dCTP and used as a probe. For competitors, C3WT: 
5'-TCGAGCCGGTGTCAGGTTGCTCC and 5'-TCGAGGAG- 
C AACCTGACACCGGC were annealed and C3MUTi S'-TCG- 
AGCCGGTGTGAGGTTGCTCC and 5VTCGAGGAGCAAC- 
CTCAC ACCGGC were annealed. 

Construction of GAL4 fusion protein and reporter gene 
assays 

For GAL4F, GAL4NTCA4 and GAL4CT, the SaK-DruI 
(-17-2486), Satl-Bssim (-17-402) and Hindm-Dral 
(869-2486) fragments from pSVSPORTMl 8 were blunt-ended 
and ligated into the Smal site of pCMVAGal4, which contains the 
GAL4 DNA-binding domain (1-147). For GAL4NTNA4, the 
BssW-Hindm (402-869) fragment from pSVSPORTMl8 was 
blunt-ended, coupled wiih Xbal linker and ligated into Xbal site 
of pCMVAGal4. For further dissection of the C terminal portion 
of AREC3, GAL4CT1 and GAL4CT2, the HindJB^PvuU 
(869-1332) and PvuTMpoLl (1332-1576) fragments from 
pS VSPORTM18 were blunt-ended and ligated into the Smal site 
of pCMVAGaR while for GAL4CT3, the ApaLl-Dral 
(1576-2486) fragment from pSVSPORTMl 8 was blunt-ended 
and ligated into the blunt-ended Xbal site of pCMVAGal4. 
Reporter plasmid } x TJAS/CAT, which contains a GAL4 binding 
site in front of the HTLV-1 LTR promoter, was supplied by Dr 
Okuda. Transient transfection into C2C12 cells and CAT assays 
were performed as described (1 1). 

Antibody preparation 

The HpaU-Dral (4427-1918) and PvuU (1007-1563) fragments 
of human AREC3 cDNA, for and- AREC3 sera, nos 5 and 6 
respectively, were fused to the EcoRl (blunt-ended) and Smal 
sites of pGEX-3X, respectively. Fusion proteins were purified 
using a glutathionc-Sepharose column (Pharmacia). The purified 
protein was mixed with Freund's complete adjuvant and injected 
into male rabbits three times in two weeks intervals. The antisera 
were absorbed with glutathione S-transferose. 

Tmrrnmohistochemfetry 

Cells of C2C12 were grown in a 24- well culture dish in DMEM 
with 10% fetal bovine serum (FBS) or in DMEM with 2% horse 
serum as a differentiation medium. For immunostaining with the 
ami AREC3 antibody, cultures were rinsed with 1% FBS, washed 
with PBS. fixed with 2% paraformaldehyde in PBS for 60 min at 
room temperature and then permeabilized with PBS containing 
0,2% Triton X- 1 00 for 15 min at room temperature. Blocking was 
done using a labeled atresia vidin biotin (LSAB) kit from DAKO 
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Rgure 1. Structural fcamrfc of cDNA clones of A&EC3. HomBodomaln (HD) and specific cross A, B and C are indicated Asterisks indicate the position of frame 
shift fn MS seqmajce. Open arrowhead shows the position of diverged sequence hi MB. Closed arrowhead indicates Che position of fl2 to which the same sequence 
as tor M 18 is fused. The positions of oligonucleotides used for RT-FGR arc indicated by arrows. The region of cDNA clones from skeletal muscle library are indicated 



and incubating with the absorbed rabbit anti-AREC3 serum 6 at 
1:500 dilution and with anti-Spl antibody (Santa Cruz Biotech.) 
at 1;50 dilution for 30 min. Visualization of AREC3 was 
accomplished with the LSAB kit. 

Western blot analysis 

Nuclear extracts from C2C12 cells in growing medium and in 
differentiation medium were prepared according to the method 
described in Kawakami ei al ( 1 2), modified by adding aprorinin 
(14 |Ag/ml), pepsiaiin A (0.1 H&tal), ieupeptin (0.1 Hgmil), 
antipain (OJ jx&fml) and soybean trypsin inhibitor (2 ug/ml) in 
buffer B. The cytoplasmic supemaiants of the nuclear pellet were 
pooled as cytoplasmic extracts. Protein (20 fig) from the nuclear 
and cytoplasmic extracts was resolved by 9% polyacrylamide- 
SDS gel electrophoresis. Proteins were transferred to Hybortd- 
ECL membrane (Amersham) and analyzed with anti-AREC3 
serum 5 at 1:3000 dilution using the ECL Western blotting 
analysis system (Amersham). 

RESULTS 

Oonlng of mouse AREC3 cDNA 

To understand the structure and function of the ARE binding 
factor AREC3, we obtained three alternatively spliced cDNA 
clones: M8 and M18 from the cDNA library of C2C12 cells, in 
which AREC3 was known to be produced by gel retardation assay 
(unpublished result), and SM from mouse skeletal muscle. As 
shown in Figure 1, M8 contains the specific exon A which does 
not appear in M18, while Ml8 contains the specific exon B. M8 
has no exon B (resulting in me frame shift at position 588) and 



codes a totally different amino acid sequence from amino acid 
position 196 alanine. Among 18 clones from plaques of mouse 
skeletal muscle cDNA library that hybridize with the 5 end parti on 
of M18, five (fl, f2, f3, f4 and fl4) extended beyond position 54 
of Ml 8, nested and contained the muscle-specific sequence 
(indicated as C in Fig. 1). The ATG codon is found at position 62, 
after the termination codon at the position 32 in frame. The other 
twelve clones overlap with MIS. The structure of the combined 
nucleotide sequence of two overlapping skeletal muscle clones (p. 
and f39, which covers from 1 to 1042 and from 819 to 5566, 
respectively) is shown as SM in Figure 1. We found no sequence 
difference from that of the M18 except two T residues missing at 
position 3267 in SM (corresponding to 3040 m M18) in the 3' 
non-coding sequence. One of the 1 8 clones (fl2, fourth alternative- 
ly spliced form) is different in that this type contains A and B exons 
and extends to nt 8 of M18. The homeodomain is found in the 
central portion of M18 and SM (Fig. 1). 

To confirm thai these alternatively spliced forms are relevant in 
vivo, we tried to identify these molecules by RT-PCR using 
mouse skeletal muscle poly A* RNA (Pig. 2). For this purpose, 
we made a set of PGR primers flanking the alternatively spliced 
exons A and B (KK9410 and KK9412). Control PCR using 
cDNA clones of pSVSPOKTM18 (lane 1). pSVSPORTM8 (lane 
2) and pSVSPORTfl2 (lane 3) as templates indicates the 
expected position of PCR products. We detected PCR product 
corresponding to M18 by RX-PCR (lane 6). After we increased 
the PCR cycles, the products corresponding to Ml 8 and f 12 were 
observed (lane 7). To confirm the presence of skeletal muscle type 
mRNA, we tested another set of primers in skeletal muscle- 
specific sequence corresponding to m 22 to 46 of SM (KK9415) 
and in the exon A (KK9407). PCR product corresponding to the 
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Figure 2. Reverse Transcriptase PCR analysis of mouse skeletal muscle polyA* 
RNA. Conocol PCR reactions using cDNA clones of pSVSPORTMl 8 (lane 1), 
pSVSPORTMB (lane 2>» pSVSPORTfU (toe 3) and pSVSPOKT G danc 4) 
as templates. Poly A + RNA was reverse transcribed with a prime/ of KK941 1 
and used tor PCR lemplated reactions (lanes 5-7). PCR primers were KK9410 
and KK9412 (lanes 1-3, 6 and 7), KK9407 and KK9415 (lane 4 and 5). Thirty 
ihermo-cy des were pcrf brroed except for lane 7 in which 40 cycles were done, 
DNA size markers (<pX174 Haeill digest) are shown (lane 8), 



muscle-specific type cDNA was observed (lane 5) at the same 
mobility as the control PCR using PSVSPORTG as template 
(lane 4). Omission of One of the primers or template cDNA gave 
no PCR product in any PCR reaction (data not shown). These 
results radicate that the M8 type mRNA does not exist in muscle, 
while muscle-specific type mRNA (containing A. B and C exons) 
and M18 type mRNA (containing B exon only) arc the major 
species in muscle. However, the other type (f!2), containing A 
and B but not C exons, also exists as a minor species. 

Homology with DrosophUa sine ocatis protein 

By searching the DDB J data library, the nucleotide sequence of 
AREC3 cDNA was revealed to have extensive homology with 
the cDNA of sine oculis gene product from DrosophUa required 
for the development of the enrire visual system (L 3 J 4). Figure 3 
shows the alignment of the amino acid sequence of skeletal 
muscle type AREC3 and that of DrosophUa sine oculis gene 
product The extensively homologous region spans from valine 
106 to arginine 273 of the skeletal muscle type AREC3. The 
hooieodomain (aspartic acid 216 to alanine 275) is almost 



included in the C-terminal portion of this region. The overall 
homology of the region is 68%. The minimal essential region 
required for specific binding is included in this extensively 
homologous region (see below). This finding raised the possibil- 
ity that AREC3 is involved not only in muscle differentiation but 
also in visual system development. 

Tissue distribution of AREC3 mRNA 

The tissue distribution of AREC3 mRNA was analyzed by 
Northern blot analysis using a probe of Xtol-J/mdEI (318-869) 
fragment of pSVSPORTM18. Figure 4 shows that AREC3 is 
expressed mainly in skeletal muscle (lane 6) and weakly in heart 
(lane 1). The size of the mRNA is -7.0 kb. Faint signals of the 
same size were observed m lung and kidney with longer exposure 
(data not shown). In brain, mRNA of -8.0 kb in length was 
observed (lane 2)* 

Identification of specific DNA-binding domain 

To identify the DNA-binding domain of the AREC3 molecule, 
we made GST-fusion proteins harboring various portions of the 
AREC3 (Fig. 5A). Proteins were purified by glumthionevSepha- 
rose column chromatography and analyzed by gel retardation 
assays using die ARB fragment as probe. 

First. MBNT and MBCT. which contain the N-tenninal half of 
MB protein (encoded by M18 cDNA) and the C-tnnninal half of 
MB protein, respectively, were tested for DNA-binding activity 
in the gel retardation assay. As shown in Figure 5B, a retarded 
complex was observed for MBNT (lane 2) but not for MBCT 
(lane 3). This indicates that the DNA-binding activity of AREC3 
resides In the N-tenninal portion of AREC3. Skeletal muscle type 
SMNT also retains the DNA-binding activity (Fig. 5D, lane 1). 
To map precisely the DNA-binding domain in the MBNT, we 
made a series of N- and C-terminal deletion mutations and tested 
their binding activity. Retarded complexes were observed for 
MBNTNA1 to 4 (Fig. 5B, lanes 4-7) and MBNTCA1 to 3 (lanes 
8-10), but not in MBNTCA4 (lane 11). These results indicate that 
the DNA-binding domain of AREC3 resides in the region from 
arginine 135 to leucine 193 (position for M18), which contains 
the hooieodomain . This was confirmed by demonstrating that the 
other two constructs of MBHD1 and MBHD2 showed DNA 
binding activity (Fig. 5B, lanes 12,13). To verify that the observed 
binding activity is specific to the AREC3 binding sequence, we 
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Figure 3. Sequence homology and alignment of AREC3 wdDrpspphila sine oculis praam Skeletal muscle-type ARBC3 amino acid sequence (upper row) and mat 
tiDnnophUa sin* ocuUs protein (lower row) are aligned. Conserved amino arid* are shown by asterisks, white conscrvad vc changes are ind icat ed by dots. Sequence 
from 310 of AREC3 and rhai fmm 321 of Drosaphila sine ocatis protein to C- terminal are omitted 
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from mouse heart (lane 1), brain (lane 2), spleen (lane 3), \un$ (lane 4), liver 
(lane S), skeletal muscle (lane 6)> kidney (lane 7) and testis (lane 8) were 
applied. Positions of RNa size markers are shown. 



examined the effect of the competitor C3WT, which covers the 
C3 binding sequence. As a control, we also tested C3MUT which 
contains one point mutation of the C3WT oligonucleotide. The 
competition experiment indicated that C3WT competed with 
MBNT complex formation (Fig. 5C, lanes 4-6), MBNTNA1 
(lanes 7-9), MBNTNA2 (lanes 10-12), MBNTCA1 (lanes 
19-21) and MBNTCA2 (lanes 22-24), using ARE probe as C3 
formation in HcLa nuclear extract (lanes 1-3), but did not 
compete with MBNTNA3 (lanes 13-15), MBNTNM (lanes 
16-18), MBNTCA3 (lanes 25-27), MBHD1 (lanes 28-30) and 
MBHD2 (lanes 31-33). These results suggest that the minimal 
essential region far the sequence-specific binding of AREC3 U 
from leucine 91 to aspaitic acid 215, and that the homeodomain 
has a non-specific binding activity or one of other sequence 
specificity. 

To know whether the region encoded by the SM type cDNA 
(exons C and A) has any effect on the activity or specificity of the 
DNA binding, we made a series of N- terminal deletions 
SMNTNA1, SMNTNA2 and SMNTNA3. All the constructs 
showed complex formation and the formations were competed by 
the C3WT and not by the C3MUT (pig. SD). The results indicate 
that these exons have no effect on the activity or specificity of 
DNA binding. 

Identification of transcriptional activation domain 

To know whether AREC3 has a transactivation domain, we made 
GAM fusion proteins containing the whole coding region of M 1 8 
(GAL4F), N-terminal (GAL4NTCA4), central (GAL4NTNA4) 
and C-terminal (QAL4CT) portions of AREC3, and tested the 
effect on HTLV1 LTR promoter containing a GAL4 binding site 
in the upstream region. As shown in Figure 6, the fusion construct 
containing the whole coding region (GAL4F) activated rhe 
promoter 3.7-fold and the C-termirual portion (GAL4CT) acri- 
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voted the promoter 9.3- or 21.1- fold compared with the GAL4 
DNA-binding domain. This indicates that AREC3 has a transac- 
tivation domain in the C-terminal region. For precise mapping of 
the domain, we further dissected the C-terminal portion into three 
parts as shown in Figure 6. GAL4CT1 and GAL4CT2 showed 
little activation (2 .0- and0.7-f6Ld), while GAL4CT3 exhibited the 
activation of 16.6-fold. From these results, we concluded that 
AREC3 has a transactivation domain in its C-terminal portion 
(526 alanine to 719 leucine). 

Antibody production and specificity 

To analyze the AREC3 protein distribution in various cells and 
tissues, we prepared rabbit polyclonal antibodies to human 
AREC3. GST-fusion protein from valine 477 to leucine 611 
(serum 5) and leucine 337 to threonine 521 (serum 6) was used 
as antigen, corresponding to valine 5 85 to leucine 7 19 and leucine 
445 to threonine 629 in mouse SM type AREC3, respectively. 
Hie resulting serum was tested for specificity in gel retardation 
assays. Formation of the typical C3 complex in HeLa nuclear 
extract was abolished and a slower migrating complex appeared 
in the presence of ami AREC3 serum 5, while preiramune serum 
gave no effect. The anti AREC3 serum 6 showed essentially the 
same results (data not shown). This confirms that our human 
cDNA clone corresponds to the HeLa C3 factor. The anti AREC3 
sera also abolished the formation of C3 complex in nuclear 
extracts from moose BALB/c-3T3 cells (data not shown), 
indicating the cross reactivity of this serum with the mouse 
AREC3. 

Localization of AREC3 In cultured cells 

To obtain insight into the involvement of AREC3 in muscle 
differentiation, we performed immimostaining of C2C12 myo- 
blast cells with the anti AREC3 serum. As shown in Figure 7 A, 
specific staining was observed both in the nucleus and the 
cytoplasm of growing C2C12 cells. The distribution of AREC3 
in the cytoplasm looks particulate. The control experiment using 
anti-Spl antibody showed no particulate distribution in the 
cytoplasm (Fig. 7D). After 8 or 12 days in differentiation 
medium, muscle differentiated multi-nucleated cells were strong- 
ly stained with the serum, indicating that AREC3 is induced 
during muscle differentiation (Fig. 7B and C). 

The cytoplasmic distribution and the induction of AREC3 
during muscle differentiation were confirmed by Western blot 
analysis (Fig. 7E). Bands (4-5) were identified both in me nuclear 
(lanes 1,2) and cytoplasmic extracts (lanes 3,4). The 67 kDa form 
of the protein was increased m both nuclear and cytoplasmic 
extracts from cells in the differentiation medium (lanes 2,4) . In 
contrast, the 115 kDa form of the protein was increased only in 
the cytoplasmic extract from cells m the differentiation medium 
(lane 4). 

DISCUSSION 

Identification of AREC3 cDNA clones 

We identified one of the dssue-specirlc ARE bmdmg factor 
AREC3. The specific antiserum against bacterially expressed 
human AREC3 recognized the HeLa cell C3 factor in gel 
retardation assays. The bona fide AREC3 cDNA (Suzuki et al 
unpublished) was used for obtaining the murine homologue of 
AREC3. 
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Figure 5. DNA-birtding jfr-mwi of AREO. (A) Delation constructs of GST-AREC3 rusion proteins. The regions of each deletion mutations are indicated. Scales 
indicate the amino acid residues. The region homologous uyDwopHUa sine oculis is shown. <B> Gel retardation assay of OST-AREC3 fusion proteins. MBNT, 45 
ng (lanes 2); 120 ag MBCT (lane 3): 1.4 ng MBNTNA1 (lane 4); 3 0 ng MBNTNA2 (lmic 5); 1.1 ng MBNTNA3 (lane 6); 6.3 ng MBNTNA4 (lane 7); 8.0 ng 
MBNTCo.1 (lane 8); 13ngMB>rrCa2(lane9); 9.2 ng MBNTC03 (lane 1 0): 173 ng MBNTC&4 (lane 11); 75 ngMBHDl (lane 12);26ngMBHD2(lane 13). The 
arrow indicates foe postmen of C3 in HeLa nuclear extract (O Competition assay of CST-AREC3 fusion proteins. HeLa protein nuclear extract, 5 us (lanes 1-3); 
45 ag MBNT (tancs 4-6); 2 J ng MBNTNdJ (bncs 7-9); 6.0 ng MBNTNA2 (lanes 10-12); 1 . 1 ng MBNTNA3 (lanes 1 3-t5); 6.3 ng MBNTN44 (lanes 16-1 8); 10.0 
ng MBNTCA1 (lanes 19-21); 13 ng (lanes 22-24); 9.2 ng MBNTCA3 (fanes 25-27* 150 ag MBHD1 (toes 28-30); 26 ng MBHP3 (tones 31-33). 

OompcnwiJK I pmol C3WT (lanes 1 1 ,1 4,17,20.23,26.29 and 32) and C3MUT (lanes 3,6^,12,15,18,21 ,24,27,30 and 33). (D) (^nnpetuiou assays of skeletal 
muscle type AR£C3 protein. SMOT,4.0 ng (lanes 1-3): 4J ng SMNTaJ (lanes 4-6); 6.9 ng SMNTA2 (lanes 7-9); 10. J ng $M>rTA3 (lanes 10-12) were added. 
CarnpctrtC**, t pmol (~<£4~fold molar ex««£ to Ao proba) of CJWT (lanca ^ S. 8 nnd II) find C3MUT thnas 3. 6. 9 and 12> wwe addfld. 
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Figure 6- IVansiictivaikxi domain of AREC3 The region in cadi construct of 
OAL4-ARBC3 fusion proteins and the trsmsacn'vation activities (compared 
wim the CAT activity of GAL4 DNA binding domain) of each construct are 
snown. Two separate sets of experiments were performed 

Four types of Alternatively spliced mRNA forms were ob- 
tained. At least three of diem were confirmed to exist in adult 
skeletal muscle by RT-PCR. Furthermore, we also determined 
each of the alternatively spliced exon (A, B and C) in the mouse 
genomic sequences (Kawakaml, unpublished observation), elim- 
inating the possibility of cloning artifacts. Skeletal muscle-type 
mRNA encodes a characteristic protein in its N-terminal portion 
which contains an alanine tract. A similar structural feature is also 
observed in Drosophila sine oculis protein in that a homoglycine 
tract is observed in the N-tenninal portion. 

Homeodomain-containing protein is known to be involved in 
many developmental processes. Axplal is known to be regulated 
during development in various tissues (4). One of the factors, 



AREB6, which binds to the regulatory region ARE of Na,K- AT- 
Pase, also contains a homeodamain between the two zinc-finger 
clusters (9, 1 5). The observations that the AREC3 is produced in 
restricted regions and ax a specific lime point during development 
(see below) suggest that AREC3 functions at a certain develop- 
mental stage, when Axplal is regulated. The repertoire of 
transcription factors regulating^ tplal changes among cell types 
and tissues, and during the cell cycle (12). AREC3 might regulate 
the gene mainly in the early developmental stage in vivo. 

Domain structure 

AREC3 contains not only a homeodomain but also a newly 
identified motif of a region highly homologous xaDrvsophila sine 
oculis protein. Part of this region is involved in the specific 
binding activity of AREC3. Gel retardation analyses of various 
deletion proteins of AREC3 revealed that the minimal essential 
region for specific binding exists between leucine 91 and aspartic 
acid 215. The homeodomain itself shows DNA binding activity 
with different specificity. This situation is similar to the POU 
homeodomain protein in which both the POU- specific domain 
and the homeodomain are necessary for the specific binding 
(16,17). The AREC3 binding sequence GGNGNCNGGTTGC 
(7) is not homologous to other homeodomain proteins. The 
binding sequences of many homeodomain proteins include 
TAAT core motif (18). Other binding sequences such as 
GNNCACTCAAG of thyroid nuclear factor 1 (10) or 
TCACGCNTGA of Pax paired domain recognition sequence 
(20) do not fit the AREC3 binding sequence. 

AREC3 also contains the transactivation domain in the region 
from alanine 526 to the C-terminus leucine 719 although we did 




Figure 7. Irnmunohistncbrmi&iry of C2C12 cells and Western blot antaysls of nuclear and cytoplasmic extracts with anti-AREC3 semm 6.(A) In me growing medium. 
(B) S days after in me dHfcreotiaiion medium. (C) 12 days after in the CJffarntiaticn medium. (D) Stained with ant-Spl m the growing medium. Scale bar, 100 um 
(E) Western blot analysis wiih anti-AR£C3 scrum 5. Nuclear extracts from C2C12 ecfls m growth (lane 1) and in differentiation (tone 2) medium: cytoplasmic extracts 
tram telle m growth (lano 3) and in <& fferenriaricm done A) medium were analyzed. Positions of size markers ore shown. 
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not find any rypicaJ structure of the activation domain, such as 
Gin-rich, Pro-rich or acidic, m the region. These two features 
(specific DNA-bindmg and transactivation activity) strongly 
suggest that AREC3 functions as a transcription factor. 

The role of AREC3 in development 

The extensive homology of AREC3 with the sine oculis protein 
directly indicates the essential role for the protein during 
development of visual system. The other two sine oca/fr-related 
murine homeobox genes Sixl and Six2> which are expressed 
during the development of limb tendons but not in retina, were 
recently identified (2 1). Although AREC3 has less similarity with 
sine oculis protein than Six] and Six? do, we observed the specific 
expression of AREC3 in retina by in situ hybridization and 
immunohistochanistry (Onto et al, unpublished observation). 
This suggests that the AREC3 is a functional bomologue of sine 
oculis. 

In contrast with retina, no production of AREC3 was observed 
in adult muscle, but it is produced transiently in embryonic or 
early stages after birth (Takizawa et al, unpublished observa- 
tion). It was also noted that the restricted distribution of AREC3 
is observed in distal tubule of the kidney (Takizawa et al, 
unpublished observation). These observations strongly suggest 
that AREC3 is important for the maintenance of retina, muscle 
and kidney during development. 
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